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ABSTRACT

Aquatic environments are impactddy different environmental stressors including metals
pollution. Therefore, it is important to understand how metals act and interact to alter aquatic
ecosystems. Zinc (Zn), one of the most abundant trace metals on earth, when in excess causes
physiologicé perturbations to aquatic organisms that are attributed to the impairment of cellular
energy homeostasis. | studied the effects of Zn on mitochondrial bioenergetics and how they are
modulated by calcium (Ca). My overall hypothesis was that Zn and Cantagfoaistically to

impair mitochondrial function. In my first study, | characterised the interactive effects of Zn and

Ca on mitochondrial morphofunctional integrity. | showed that mitochondrial responses to Zn
and/or Ca depend on tkencentrationmitoctondrial functional metric and technique used. Low
concentration®f Zn or Ca had stimulatory effects on respiration but when in combination they
synergistically inhibited respiration. Surprisingly,-eeposure of the loweoncentration®f the

two cations hd synergistic antioxidant effect. | observed more synergistic interactions on
complex | (Cl) activity, respiration and induced reactive oxygen species (ROS) emission at high
concentrationso f Zn and Ca. Onl vy on two @oHdamoints,
ultrastructure, were the interactionstlveen Zn and Ca antagonisi@verall, | showed that the
responses to Zn, Ca and amtidants vary according to the functional metric and a
comprekensive assessment of their effects on different endpoints is required to get a holistic

picture about their effects on mitochondria.



In my next study, | tested the hypothesis that Zn moves through the mitochondrial calcium
uniporter (MCU) and competes WiCa to entethe mitochondrial matrix. | developed a metho

to simultaneousl y meas Whn/PH amd RO& ard tound that Znldoes e s p i
not rely on the MCU to impair mitochondrial function. | confirmed the exclusivity of the MCU

as the Ca uptake route by completely abolishingndaced mitochondal depolarization spike

(mDPS) using ruthenium red (RR), an MCU blocker. Moreover, | exclugerble of
mitochondrial permeability transition pore (mPTP) opening in the mechanism of mDPS, and,
importantly, showed thanitochondrial permeability transitioprecedes the ROS burst that is

observed during the mPTP opening.

Using my novel method for simultaneous measurement of multiple mitochondrial functional
indices, | discovered transient burst in ROS (mitochondrial transition ROS spike: mTRS) that
occursat mitochondrial transition between states 3 and 4. This transient ROS burst, observed in

mi tochondria from diff er erff-depandert ansl nohassbciategh e c i e
with a pH shift. Importantly, | showed that the mTRS can be used asdicator for
mitochondrial coupling, antioxidant status and bo@1 and nicotinamide nucleotide
transhydrogenasé\NT) function. Overall, my research not only unveiled the nature of the
interactive effects of Zn and Ca on mitochondrial bioenergetics lotrtitwated fundamentally to

the mitochondrial physiology field through the discovery of mTRS and development of

multiparametric methodologies.
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CHAPTER 1

INTRODUCTION



1.1 THESIS SCOPE

Aquatic environments areommonlyimpacted by stressors that may affect organismal health
and biodiversity at the ecosysteand species levelsNVhile natural phenomena do cause
environmental stress, human activities are the main cause of environmental degradation. One of
the problems associated with human activities is metals pollution. There are two types of metals;
those tlat do not have biological value for organisms such as cadmium, lead and mercury, and
those that are needed for normal body functions and have biological significangeper
growth, development, and physiology of organisms but above certain levelstaaogg such

as chromim, copper, Znand iron. Interaction between these metals could be antagonistic,
additive or synergistic causing a variety of effects on aquatic organidmesEnvironmental
Protection Agency (EPA) risk assessment procedure refiegata from individual stressors to
extrapolate effects of multiple stressors (EPA, 1998)erefore, it is important to study the
interactive effects of metals on fish in order to accurately predict their environmental impacts.
Among the metals of conceto the aquatic environmenZn is commonly found at elevated
levels in the aquatic environment. Although the effects of Zn in agsjagiciehave been found

to be mitigated byCaat the organismal level®lsop and Wood, 2000; Glover and Hogstrand,
2002; Hogstrand et al., 1996; Niyogi and Wood, 208®&)ir interactive effects at internal target

sites andmpact oncellular metabolism have not bedrarly elucidated.

The main goal of my thesis was to elucidate the interactive effects of Zn and Ca and their

underlying mechanisms ifish with a focus on mitochondrial physiologyi¢. 1.1). | used



rainbow trout (Oncorhynchus mykissbecause of its comehensive record inmechanistic
toxicology studies and ease of manipulation and experimentéarvan et al., 2007)My
overarching hypothesis was that, an essential trace elemémat isrequired for normatellular
function and to protect against oxidative stress, would impair mitochondrial function at excess
levels. | predicted that due to similar physicochemical properties, (WdDél protect against
Zn-induced bioenergetic impairment and (ii)) Zn woultlize Ca uptake pathways to enter
mitochondria. First] evaluated the individual and binary effects of Zn and Ca on mitochondrial
respiration, ETS activity, redox statROS emission, & and ultrastructure. Second, |
developed a method to measure atygonsumption, ROS ara]/pH simultaneously and
assessethe effects of Zn and/or Ca on the relationship between mitochondrial functional traits
and tested if the uptake of these cations into mitochondrial matrix is a prerequisite for their
deleteriouseffects on mitochondrial functionChird, I uncovered a mitochondrial ROS burst

associated with mitochondrial energy transition, and elucidated its underlying mechanisms.

1.2ZINC

Zn is the 28 most abundant element in the earth crust (USGS, 2010) asdhie 29 most
abundant trace element after iron in all living organisms (Vallee, 1986). Industrial applications
for Zn including the production of alloys, galvanization of steel, die casting, rubber, paint and
agricultural products account for about 76%the Zn sources to the aquatic environn(®vivod
et al., 2012)Fig. 1.2). The yearly release (metric tons) of Zn into the environment is about 2,720

to soil, 460 to wastewater, 254 to surface water, and 91 amt (¢/ood et al., 2012)



Figure 1.1. Diagranshowing the interactions investigated in this thesis on Hlisknergetics. The
mechanistic underpinnings of the effects of Zn and Ca on rainbow trout mitochondria

investigated.



Zn concentrations in aquatic systems vary with anthropogenic inputs and distance from land
(freshwater: 0.02 pg/L in remote rivers but up to more than 1000 ug/L in areas near mining and
metallurgic industries; marine water6D ng/L in open oceans but up to 5 pg/L in developed
estuaries) (Eisler 1993; Luoma and Rainbow, 20R8yuldory organizations such as the EPA
recommend the maximum concentration of Zn based on water hargingsgantly, the biotic

ligand model (BLM) approach found that Ca, magnesium (Mg), sodium (Na), and protons (pH;
H") modulate the bioavailability and toxicity of Zn in aquatic organi@rejerick et al., 2005;

Santore et al., 2002)

1.2.1Zn uptake and homeostasis in fish

Fish take up Zn via two main pathways: the gills for waterborne metal and gastrointestinal tract
for dietborne metal. Several mechanisms of Zn uptake bese desdoed at both the giland
intestinal sitegGlover and Hogstrand, 2002; Hogstrand et al., 19Génerally, Zn requires two
families of transporters to move from and to the cytosol: Zn ilepencompass Zinegulated
transporters (ZRT), Ireregulated transporter (IR9ike proteins (ZIP family), while the
principal exporters are the Zn transporters (ZnT fanfdyeng et al., 2014 Although the apical
uptake of watdyorne Zn occurs through the epithelial Ca channels (ECaC)Z#indike
transporter(ZTL) in the gills of freshwatefish (Bury et al., 2003; Qiu and Hogstrand, 2004)
branchial Zn ptake in the marine environment is not dependent on the Ca cl{Zhaelg and

Wang, 2007)
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Figure 1.2. Diagnam showingsources of Zn in the aquatenvironment. Among different source

industrial activities constitute the major sources of Zn release to the aquatic environment.



Following its entrance on ¢hapical side, the mechanismbafsolateral exit of Zn relies primarily

on the ZnT1(Zheng et al.,, 2014§Fig. 1.3). On the other hand, intestinal uptake of Zn is
mediated by Galependent and independent pathwégover et al., 2004)Additionally, the
divalent metal tansporterl (DMT1) has been shown to have an affinity for Zn at the brush
border of the intestingEspinoza et al.,, 2012; Zheng et al., 20J)rthermore, a potassium
efflux-linked Zn uptke mechanism has been proposed to contribute to Zn ufibéixeer et al.,
2004) The cytosolic free Zn is controlled mainly by two mechanisms: buffering and muffling
(Colvin et al., 2010; Maret 2013Buffering depends on the affinity of cytosolic proteins to bind
Zn and maintain its free form (Zf in the picomolar range. One of the key buffering proteins
for Zn is metallothionein (MTY Kr n Ue | a n d, a M& melécuylar Reliit §7) kDa)
protein that binds Zn and its expression is responsive to cellular Zn l@alet 2013;
Thirumoorthy et al.,, 2011; Zhao et al., 2014)oreover, Zn plays important roles in many
cellular proteins such as oxidoreductases, transferases, hydrolases, lyases, isomerases and
ligases; these proteins provide additional buffering capacity fmdaezZn (Colvin et al., 201Q)

On the other hand, muffling is the control of free cytosolic Zn concentration by transferring the
metal to different sugellular compartment&olvin et al., 2010; Maret 2013Although Zn has

been reported to ugbe Ca uptake pathway to enter the mitochonddiang et al., 2001 )he
mechanisms of Zn uptake by subcellular compartsnane generally unclegDineley et al.,

2003; Eide 2006; Maret 2013)
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Figure 1.3.Diagram showingcellular Zn uptake in fish gillZIP: Zrt/IRT-like proten; ECaC: epithelial

calcium channel; ZnT1: zinc transporter 1; ZTL: ziegulated zinc transporter.



1.2.2 Physiology of Zn

Zn contributes to almost all biological processes and is indiapengor the normal body
function(Kambe and Fukada, 2014; Maret 20IB)e importance of Zn in normal physiology is
highlighted by the revelation using a bioinformatics approach that dt168&s of the human
genome encodes Zn proteins including Zn finger proteins and enfitaest 2013) Moreover,

Zn plays an important role in signaling through activation of nresponsive transcription
factor that is crucial for several biological processes including embryonic development and
expression of antioxidant enzym@rzywacz et al., 2015; Wood et al., 2018¥ditionally, Zn

is a limiting factor for cell division(MacDonald 200Q) immune responséHaase and Rink,
2014) and bone and cartilage formatigNakashima et al., 2002; Wood et al., 2012) is
considered an antioxidant through its role the protection of sulfhydryl groups against
oxidation, and inhibition of the production of RQBray and Bettger, 1990; Maret 2013)
Despite the essentiality of Zn for organismal physiology, at excess levels it has been associated

with toxic responses in fisfwood et al., 2012)

1.2.3Toxicity of Zn in the aquatic environment

Zn is considered an important pollutant and its toxicity values have been defined for the aquatic
environment. The acute toxicity values (96 h LC50) for Zn range from 66 to 40,900 jng L
freshwater fishkdepending on water hdness and speci@d/ood et al., 2012)Acute toxicity of

Zn encompasses structural damage to the gill tissue including hyperplasia, hypertrophy,



increased mucus secretion and consequently suffocation and m¢8alitys et al., 2012; Wood

et al., 2012)Importantly, Zn can impose acute deleterious effects on fish at lower concentrations
than those that cause structural changes.éelteketerious effects include interference with Ca
uptake through gills, induction of metabolic acidosis through increased ammonia secretion and
stimulation of uptake of acid equivaleri&pry and Wood, 1985; Wood et al., 201Zh has been

found to interfere with Ca homeostasis at several locales. First, Zn reduces Ca uptake at the
apical side of the gill epithelia by competing with Ca at the E@acCalteringCa export by the
plasma membran C&" ATPases (PMCA) at the basolateral membr&@a and Hogstrand,

2004; Qiu et al., 2005; Wood et al., 2012; Zheng et al., 2Behond, Zn stimulagethe release

of intracellular Ca from the endoplasmic reticulum (ER) through phospholipase C activation
(Wood et al., 2012)in chronic Zn exposure, the no observed effect concentration was reported
to range from @ to 974pg L. Chronic Zn toxicity in fish manifests as reduced feed intake and
growth, reproductive impairment and even lethality as a result of hypocalcAétoa et al.,

2012)

In saltwater that contains higha concentrations (~10 mM), fish are thought to be protected
against acute Zn toxicitijPwood et al., 2012)Interestingly, the 96 h LC50 for Zn ranges from
190 in cabezonScorpaenichthys marmorajuso 83,000 pg [* in mummichog Eundulus
heteroclitug. Thus there is an overlap in values of the 96 h LC50 between fresh and salt water
suggesting that the hypothesis that saltwater might be protective against Zn toxicity is not fully

justified (De Schamphelae@nd Janssen, 2004; Wood et al., 2012)
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Overall, Zn imposes deleterious effects on fish health in part by disrupting Ca homeostasis.
Therefore, knowledge of the mechanisms of interadietween Zn and Ca at different levels of

biological organization is important for the understanding einduced toxicity in fish
1.3 CALCIUM

Ca is an essential element for every living organism and sgralling cation for many
biological processeBecause Ca sources for fish are either from the water or diet, its uptake
occurs mainly through both gills and intestithehii and Mugiya, 1983; Malsll 2002; Qiu and
Hogstrand, 2004; Wood et al., 2012he main form of Ca in the aquatic environment Ca
carbonate (CaCgwhich is the main component of water hardness. Water hardness is described
as CaCQ@and is classified as soft, 0 to <60 mg/L;dnen hard, 60 to <120 mg/L; hard, 120 to <

180 mg/L; and very hard, 180 mg/L and ab{&avironment Canada 1977)
1.3.1 Uptake of Ca by fish

Generally Ca uptake occurs through the intestinal route excepighadditionally take it up
from the aquatic environment through their gills and gkiik et al., 1995; Qiu and Hogstrand,
2004) The mechanisms of intestinal uptake of Ca in fish have beeroeerdial (Flik et al.,
1995; Qiu and Hogstrand, 2008t it has recently been proposed to occur through @eCE
and Na'-C&* exchanger (NCXXGenz et al., 2013; Lin et al., 2018 gills, ECaC in the
chloride cells moves Ca intracellularly through the apical side of gill epitt{€ia and

Hogstrand, 2004yhile on the basolateral side, Ba8Pa® exports Ca into the blood stream
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(Flik et al., 1995) It is worth noting that in saltwater where Ca levels are high, fish rely mainly
on gills to regulate Ca and the contribution of intestinal uptake is negligibkeet al., 1995)
Additionally, skin of fry and juvenile fish might possess #mansporting cells (ionocytes =

chloride cells) that participate in the active Ca up{@ii et al, 1995)
1.3.2 Physiology of Ca

As one of the principal ions for life, Ca levels (free form) in cells have to be maintained within a
narrow physiological range. Cellular Ca homeostasis is maintained by two types of ATPase
pumps, PMCA and sarcoplasmic icetar C&* ATPases(SERCASs) that either move Ca
extracellularly or into the ER, respectively. Other pathways for cellular Ca regulation are the
NCX, Na'/Ca*-K* exchangers (NCKX) anthe voltagegated C&'-selective channels that have

the ability to movemillions of Ca ions in a secoratross excitable membranes of neraad

muscles (Clapham 2007)

Within the cell, Ca can be transported between subcellular compartments. For example,
movement of Ca between tHeR and mitochondria occurs at contact sites where the two
organelles are connected with tethé@sordas et al., 2006)Ca uptake through the inner
mitochondrial membrane (IMM) occurs primarily through the M@bd is s -dependent
(Brookes et al., 2004 Recently, two fundamental components of the MCU, the mitochondrial
calcium uptake proteins 1 (MICU1) and 2 (MICU2), were identif€iapham 2007; Kamer and
Mootha, 2015; Patron et al., 2014hese proteins interact with the pdoeming subunit of the

MCU and its paralogue MCUb to form the uniporter holocomplex or uniffamer and
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Mootha, 2015; Patron et al.,, 2014ppecifically, the MICU1 and MICU2 sense Ca
concentrations in the IMS and allow or prevent its entry at high or low loads, respectively
(Kamer and Mootha, 2015; Patron et al., 20T4)s uniporter is blocked byARRand Ru360 and
therefore these chemicals have been used extensively in studying the role of MCU in

mitochondrial cation uptak@rookes et al., 2004; Clapham 2007)

In mitochondria Ca has important physiological roles including stimulation of adenosine
triphosphate (ATP) synthesis via activation 6&*-sensitive pyruvate -kéloglutarate
isocitrate dehydrogenases, ATP synthase and adenine nucleotide translocaséB{AbKes et

al., 2004; Clapham 2007)Other mitochondrial functian of Ca include activation oN-
acetylglutamine synthetase that generitegetylglutamine, an important contributor to the urea
cycle (Brookes et al., 2004)These vital mitochondrial functions that are regulaty Ca are
disrupted by excess Zn concentratidMcCord and Aizenman, 2013)herefore, the toxic
effects of metals such as Zn on organismal health and the interaction with Ca, can be attributed,

at least in pd, to the impairment of the cellular energy homeosi@miture and Rajotte, 2003)

1.4CELLULAR ENERGY META BOLISM

Cellular energy metabolism involves the conversion of external sources of energy into
phosphoahydride bonds ithe universal energy molecule, ATPa Poian and Castanho, 2015)
It includes the breakdown of glucose to pyruvate via glycoljsislish et al., 2013 Pyruvate

then enters mitochondria as a substrate for the citric acid cycle (Krebs cycle) and is broken down

13



to yield reducing equivalents to the ETS. While the main process of ATP production is the ETS,
both glycolysis and Krebs cycle produce parthaf ATP needed by the céllodish et al., 2013)

Overall, the vast majority of cellular ATP is produced in wlitondria via ETS

1.4.1Mitochondrion

The mitochondrion is the cellular powerhouse and principalym®@dand consumer of ATP and
oxygen, respectivelyit is estimated that about 98% of the organismal oxygen input is utilized by
mitochondria (Duchen 2004) These organelles provide the energy required for hidbg
processes and theiumbers vary significantly, from hundreds to thousands, according to the cell
type and energetic demant@ihe mitochondrion has two membranes, the outer mitochondrial
membrane (OMM) antMM . The IMM is characterized by several invbbns called cristae that
increase its surface area. The space between the OMM and IMM is ttaledermembrane
space (IMS) and the inner lumen of the mitochondria is the matrix (Fig. 1.4). Because the OMM
possesss many transmembrane channel protesafied porins that are permeable to molecules
up to 5,000 daltons (Dahn size the IMM constitutes the main barrier to the passage of
molecules to and from the matr{kodish et al., 2013)The energetic rolesf anitochondria
include the transfer of the end product of glycolysis, pyruvate, to the Krebs cycle where it is
convertedto acetyl CoA. Subsequent oxidation of acetyl CoA yields the two principal reducing
equivalents: nicotinamide adenine dinucleotide (NMADand flavin adenine dinucleotide
(FADH,). Fatty acid oxidation follows the same pathway as pyruvate in that fatty acyl CoA is

converted to acetyl CoA which then yields NADH and FADRrough the Krebs cycl@ odish
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et al.,, 2013) NADH and FADH are the electromlonors to the ETS, the main site of ATP
synthesigLodish et al., 2013)The antiporter, AN, exchanges ATP from mitochondria with the
adenosine diphosphate (Rpfrom the cytosol thus providing the cellular components with their

energy requirements and replenishing the matrix with the substrate for ATP synthesis.

1.4.2 Electron transfer system (ETS) and oxidative phosphorylation (OXPHOS)

OXPHQOS starts with thdelivery of electrons from the reducing equivalents, NADH and FADH

to the ETS. Specifically, the NADH and FADRIdonate electrons to th@ (NADH: ubiquinone
oxidoreductase) and complex Il (CIl, succinate: ubiquinone oxidoreductase), respectively
(Cecchini 2003; Lenaz et al., 200&lectrons pass from Cl and CIl to complex Il (CIIl,
CoQH,-cytochromec reductasg and then to CIV dytochromec oxidase) The process of
electron transfer from Cand CIl to CIll is carried by the€CoQ/CoQH following which
cytochrome c transfers the electrons from CIll to CIV ending with the reduction of molecular
oxygen by two electrons into watférodish et al., 2013)The flow of electrons downhill from

one complex to another is associated with loss of electrical potential and release of energy. The
energy generated from the flow of each pair of electrons powers the pumping of protons through
Cl (4H"), ClIl (4H") and CIV(2H") from the matrix to the IMSFig. 1.5)(Lodish et al., 2013)

The H that are pumped create an electrochemical gradient across the IMM termed the
protonmotive force (pmf). The pmf is the sum of the transhrane H concentration (pH)
gradient épH) and the electrical (voltage) potential that areated by the substrate oxidation

subsystem (Krebs cycle + ETS + metabolite transgiirtjochkin et al., 2011)importantly, the
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electrical potential (memhane potentialag€],;) constitutes the major portion of the pmi60

mV compared with the force generated by the pH gradient that is e80ymV. This pmf is the
driving force for the ATP synthase which converts ADP and inorganic phospheyis TP
(Mitchell 1961) The ATP synthase is also termegFFcomplex because it is composed of two
subcomplexes Fand F (Lodish et al., 2013)Protons move through the ATP dyase down

their concentration gradient from IMS to the matrix forcing thenBbile subcomplex to rotate
resulting in conformational changes in the dtationary sultomplex. These conformational
changes in theFare needed for the process of convertigf and RPto ATP (Lodish et al.,

2013) This process of coupling electron transfer with proton pumping to create the gradient that
powers ATP synthesis was first described in the chemisosmotic hypothe&sXRHOS

(Mitchell 1961)

Although oxygen is consumed through the reduction of molecular oxygen by paired electrons
into water, some oxygen molecules are partially reduced by unpaired electrons resulting in the
generabn of ROS (Duchen 2004)As a result, mitochondria are considered one of the major
sources of ROS in cells. While reports estimate that-0126 of oxygen utilized by
mitochondria is converted into RQ@&orov et al., 2014)these values were found to be more
than an order of magnitude higher than realistic levels {0.03%) of ROS produced under
conditions mimicking physiological statéBrand 2016) This is due to the fact that the amount

of ROS depends on where the ETS is inhibited which consequently determines the degree of

upstream reduction of the electron carri@sand 2016)
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Figure 1.4. Diagramshowingthe structure of mitochondrion.
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2e+2H*+1/20,
Complex -1l Complex- Il Complex -1V

Figure 1.5. Diagranshowing thedlectrons(e) andprotons (H) transport by the componentf the
mitochondrialETS. The dark thick blue arrows indicaté pumping through CI, ClIl and CIV tc

create a protonmotive force (pmf). The red arrows indicate electron transfer throughout the E’

ATP synthase utilizes the pmf to generate ATP.
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While, ROS production has been proposed to depead n |y (Buski ededl], 2012a; Zorov
et al., 2014)a different perspective has been proposed recently for the mechanisms of ROS

regulation(Brand 2016)

1.4.3 Mitochondrial membrane potential ée G

While the &, constitutes the major part of the pmf used for ATP synthesis, it has other
important roles including Ca uptake, ROS release and cell viafiignd 2016; Perry et al.,
2011; Zorov et al., 2014Yhe pmf is mainly consumed by the phosphorylation subsystem during
ATP synthesis or the proton leak subsystem that is not coupled with ATP synthesigp(edc
respiration) (Kurochkin et al., 2011; Nicholls and Ferguson, 2018}though uncoupling
negatively impacts ATP production, several uncoupling proteins (UCPs) have been shown to
play important physiological rolg8usiello et al., 2015)For example, UCP1 dissipates pmf in

the form of heat in the brown adipose tissneorder to protectsmall mammalsagainst
hypothermia in cold(Duchen 2004; Kissig et al., 2016Notably, UCP2 and 3 have been
reported to reduce accumulation of excess Ca and ROS and play roles in body weight regulation
and appetitgBusiello et al., 2015; Duchen 2004pterestingly, because uncoupling involves
pmf leakage without ATP production, pharmacological uncouplers such as dinitrophenol (DNP)
have been marketed as weight lossnég€Grundlingh et al., 2011)Other uncouplers such as
carbonyl cyanide 4ftrifluoromethoxy}phenylhydrazon (FCCP) are uskedvitro to collapse the

pmf and measure the maximum respiratory capéGhaiger et al., 1998)
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1.4.3.1 Measurement o&&]

The lipophilic cation tetraphenyl phosphonium (TPRas been used for decades to measure
a&m. This involves using a semipermeable membrane and an ion sensitive electrgde (ISE
detect changes in TPRoncentration following the buitdp or collapse o&]: (Duchen 2004;
Kamo et al.,, 1979) Additionally, fluorescent techniques such as spectrofluorimetry, flow
cytometry and confocal microscopy measuredg,; dependent distribution of fluorescent dyes
across the IMM. Examples of these dyes incitidelamine 123 (Rh123), tetramethyl rhodamine
ethyl and methyl esters (TMRE and TMRM, respectively) and 5,5t@@dloro-1,1',3,3
tetraethylbenzamidazolocarbocyanine -Q)C(Duchen 2004) These dyes accumulate in the
mitochondria according to the Nernst equation; polarized mitochondria #ilgf) accumulate
more dye than epolarized mitochondria (lowed) (Perry et al., 2011)It is advisable to use
pharmacological modulators such as oligomycin that inhibit ATP synthase to hyperpolarize the
mitochondria, and FCCP or DNP to collapg@: for experimental validation and to confirm the

release of the dye from mitochondria following depolarizafRerry et al., 2011)
1.4.4 Mitochondrial ROS

ROS include several free radicals of oxygen such as sugerarion radical (94, hydroxyl
radical (OH), nitric oxide (NO), peroxynitrite, lipid hydroperoxides (LOOH), alkoxyl radical
(RO), peroxyl radical ‘©OOH), nitrogencentered radical, sulfate radical (SB®4and metal
oxygen complexes and all can oxidize cellular componedtsrradical oxidants include

hydrogen peroxide (#D,) and singlet oxygen©,) (Zorov et al., 2014)Mitochondria are
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considered the major source of ROS in most cells with the primary ROS produced in
mitochondriabeing Q Zand/or BO, (Brand 2016) The Q Zthen undergoes fast spontaneous or
enzymatic dismutation into 4@,. ROS emission is defined as the net ROS released after the
scavenging process (emission = productioscavenging). Generally, ROS emission varies
between animal specig®spiratory states and sites of ETS inhibit{@nand 2016; Zorov et al.,
2014) Interestigly, mitochondria are nobnly major source of cellular ROS but are
concurrently considered as ROS sinks due to their ability to consume(R@geyev et al.,

2015)

ROS arevital for several physiological processes such as cellular gratibn, differentiation,
immune response, activation of mitochondrial fission and autopliagsov et al., 2014)
Normally, ROSare scavenged by the antioxidant system to regulate the ROS emission, but an
imbalarce between production and scavenging in favor of the former results in the accumulation
of ROS above physiological levels and oxidative stress. Excess ROS (oxidative stress) has been
associated with many pathological conditions in humans including neemelegive disease,
malignant transformation, diabetes mellitus, rheumatoid arthritis, aging and cel(deait et

al., 2014) In contrast, an excessively reduced antioxidant system can result in reductive stres
(Zorov et al.,, 2014) Paradoxically, an outcome of reductive stress is electron leakage to
molecular oxygen to form RO&orge et al., 2015)Notably, reductive stress hlsen found to

have detrimental effects on cell viability and mitochondrial funct{dhang et al., 2012)
Clearly, cellular ROS levels have to be tightly regulated in order to safely harness their beneficial

effects.
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1.4.4.1 Sources of mitochondrial ROS

ROS are produced by multiple sites in the mitochondria of which 11 are defdpe(®-
oxoglutarate dehydrogenase complexy,(pyruvate dehydrogenase complex); @®ranchee

chain 2oxoacid dehydrogenase complex}, (R-oxoadipate dehydrogenase complex)flavin-
containing site of Cl),d (quinonebinding site of CI), llb, (Q-binding site of CllI), Ik (ClIl), Gg
(mitochondrial glycereB-phosphate dehydrogenase); & oxidoreductase system ) andy D
(dihydroorotate deydrogenasefFig. 1.6)(Brand 2016) Under physiological conditions during
which Cl is reduced by NADH, the possibility of the reverse movement of electrons from CII to
Cl is substantially attenuatéBrand 2016; Zorov et al., 2014} is worthy of note thain vitro

andin vivomodels show that mitochondria energized only with CII substrates (no Cl substrates)
showed significant ROS emission vieverse electrons transfer (RET) from CIlI to (Scialo et

al., 2016; Selivanov et al., 2011; Zorov et al., 2014)

The mitochondrial CI occurs in two fornthe catalytically active (A) and dormant-detive (D)
forms that are conformationally distinct from each ofigabot et al., 2014)The D-form of CI

does not support RET and is considered as a protective formsagaicess ROS emission
(Babot et al., 2014)CllI is another keyin vitro source of ROS but its role in ROS emission
under physiological conditions remains uncl¢Andreyev et al., 2015) Alterations of ClII
function such as pharmacological inhibition by antimycin A (AMA) or pathological defects (e.g.,
Clll cytochrome b deficiency) causgstream reduction and presence of unstable semiquinone

(QH that results in the emissi of remarkable amounts of RQBrand 2016; Zorov et al.,
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2014) An increase ins&],; results in reduction of upstream electron carriers and enhances
leakage of electrons and ROS formati@rand 2016) Because of this increase in ROS
formation associated with an oweduced mitochondrial environment, understanding the
relationship betweewsd],; and ROS is crucial in revealing the conditions tleatof/suppress

ROS emissior{Zorov et al., 2014)The most popular proposed relationship betwadg, and

ROS is the positive correlatiofZorov et al., 2014pue to the dct that ROS production was
reduced by 90% following an 18% decreasedf,; (Korshunov et al., 1997Because UCPs
cause mild uncoupling, they can be protective against oxidative stress by suppressing ROS
production. In contrastyotyakova and Reynolds (200i@ported that ROS production can be
independent o&]: and othersWang et al., 2008howed a negative correlation between ROS
and &, This negative correlmn was reported under conditions of superoxide flashes
(mitoflashes) and mitochondrial permeability transition pore opening (mPWRhg et al.,

2008) Mitoflashes are transient ROS bursts that have been observethvidiial mitochondria
undergoing transient depolarization and las@Gsec. These flashes have been proposed to be a
biomarker of oxidative stress related diseases and to have signaling roles in mitochondrial
function(Hou et al., 2014; Wang et al., 2008ecently, it was reported that these flashes are not
ROS bursts but pH flashéRosselin et al., 2017; Schwarzlanderlet2014) Importantly, ROS

has been found to be a prime inducer of mMPTP opening which results in the collafg$e of
(Ichas et al., 1997; Zorov et al., 2018)oreover, the opening of mPTP results in further ROS

stimulation and this phenomenon is termed ROS induced ROS release (RIRR).
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sites of ROS productioNAD linked dehydrogenases such asxbglutarate dehydrogenase compl
(OGDHC) and pyruvate (PDHC), brancheldain2oxoacids (BCOADHC)and 2oxoadipate (OADHC)
supply electrons to the NADH/NADpool. Electrons then flow from NADH to flavicontaining site of Cl
then move through the quinciénding site to QR Q pool, and are passed to outebiQding site of CIII.
Cll, mitochondrial glgerol3 phosphate dehydrogenase (nGPDH), the elettamsferring flavoprotein
(ETF):Q oxidoreductase system (QOR) and dihydroorotate dehydrogenase (DHODH) all transfer e
to CllII through the QK Q pool. Electrons are then passed from Clll to Gikbtigh cytochrome ¢ and al

finally used in the reduction of oxygen into watdodified from Brand (2016)
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1.4.4.2 ROS induced ROS release (RIRR)

Excess ROS emission causes oxidative stress which is thought to be the main inducer of mPTP
opening. This initial increase in ROS prior to mPTP opening is termed trigge{ 0% etal.,

2014) This is followed by a second phase that coincides with the opening of the e,
collapse and amplification of ROS emission. Collectively, this biphasic response is termed
RIRR. Additionally, a burst in NO production has been observed with mPTP opening and is
termed ROS induced RNS (reactive nitrogen species) re{(@asev et al., 2014)Therefore,

RIRR constitutes a negative correlation between ROSHyd and fuels controversy regarding

the nature of the relationship between these two paraniBrarsd 2016; Zorov et al., 2014)

1.4.4.3 Measurement of mitochondrial ROS (mROS)

Several methods have been developed to detect mROS either by irreversible oxidation-of a non
fluorescent probe to a fluorescent product or bygiseversible probes that revert to the non
fluorescent state when the amount of ROS decreases. However, many of these probes have been
found to be nosspecificbecause thegre oxidized by different types of ROS and are sensitive to
other factors includingH changes, light and othefRhee et al., 2010)herefore, selecting the
optimum indicator with the least artifacts is important to reduce errors in ROS measurements.
One of the most common fluorescent dyes forOSR measurement is 2.7
Dichlorodihydrofluorescein (DCFH), a colorless, HAtuorescent and cell impermeable probe.

Once oxidized by ROS, its fluorescence can be detected at excitation/emission 488/530 nm. The

diacetate ester (DCFBA) is its cell permealel form that enables inteellular and

25



mitochondrial ROS detectiafiRhee et al., 2010A chloromethyl derivative of DCHDA (CM-
DCFH-DA) has been developed and provides an additional advantage of better cekulgome

of the oxidized fluorescent produ@®hee et al., 2010)Although this dye is user friendly and
sensitive to redox changes, it has been found to be vulnerable to photooxidation, photobleaching,
and nonrspecfically reacts with different oxidants such as hydroxyl radicals, peroxynitrite, nitric
oxide, lipid peroxides, and hypochlorigRhee et al., 2010)An assay that has been found to
overcome the drawbacks of the D€ probes is the horseradish peroxidaseplex red (HRP

AR) based fluorometryAR reacts with HO, in 1:1 stoichiometric ratios catalyzed by HRP to
form the colored and highly fluorescent compaouresorufin. This assay has been found to be
selective for HO,, highly sensitive, active at different plevelsand has reduced interference
from autofluorescence in biological syste(®hee et al., 2010However, AR has recently been
reported to be converted to resorufimépendent of D, or HRP (Miwa et al., 2016)which

may result in oveestimation of HO; levels. Lastly, although several genetically encoded probes
have been developed and are becoming popular because they asiblee\and organelle
targeted(Rhee et al., 2010}hey have been found to be highly sensitive to pH changes and not

as reliable/specific as originally thoudisichwarlander et al., 2014)

1.4.4.4 Mitochondrial antioxidant system

Mitochondria possess an integrated antioxidant system that is able to detoxify ROS to non
reactive products such as water. The first line of defense agaiifsti@ dominant primary

mitochondrial ROS, is superoxide dismutase (SOD). There are two types of SOD (SOD1 and

26



SOD2) and they are responsible for convertingZ€@ H,O,. SOD1 (CuZrSOD) is located in

the IMS and detoxifies ROS produced outside the IMMD3@VNSOD) is located in the matrix

and converts intranitochondrial @Zto H,O, (Andreyev et al., 2015)The next step in £¥
detoxification involves the reduction of 8, into water. This is performed by several
antioxidant components including catalase, thioredoxin (Trx), peroxiredoxins (Prx), glutathione
(GSH) and glutaredoxingAndreyev et al., 2015)GSH, peroxiredoxins and thioredoxin get
oxidized during the oxidatiereduction reactions with #, and are restored to their reduced
states by NADPH, which is in turn oxidized to NAD@eung et al., 2015; Murphy 20Q9n
integral pmi#driven inner mitochodral membrane protein, NNTrestores oxidized matrix

NADP" to its reduced state (NADPH) via hydride transfer with NA@QEung et al., 2015)

The relative contribution of the components of the antioxidanesysb the reduction of 4, to
water is controversial and varies between different orgaAndreyev et al., 2015)it has been
suggested that despite the pervasive role of catalase in liver mitochop@sianktaboism, its
contribution in the heart and brain mitochondria is limi(@ddreyev et al., 2015)Moreover,
between GSH, TRX and Prx, the later has been proposed to be the principal scaven@er of H

in the majority ofmurine tissuegAndreyev et al., 2015; Cox et al., 2009)

1.4.5 Mitochondrial volume

Mitochondrial volume control is a housekeeping function that is critical for preserving

mitochondrial structutaand functional integrityKaasik et al., 2007)The main regulator of
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mitochondrial volume is the osmotic pressure and water movement between matrix and cytosol
(Nowikovsky et al., 2009) Potassium (K), at a concentration of ~150 mM, is the main
intracellular cation and its movement is considered the principal driver of water movement
across the IMM. K balance is regulated by the ATRependent (Krp) and Ca'-dependen(Kc,)

K" channels, and KH" exchangei(Kaasik et al., 2007)Moreover, the permanent opening of
mPTP results in uncontrolled influx of'Knto the matrix that drives water uptake and further
induces mitochondrial sslling (Martinou et al., 2000)Although the K/H" exchanger is the
mechanism that mitochondria use to reduce +mtitachondrial K levels, it is pmf dependent

and consequently in a nduanctional state dimg mPTP opening. There are water channels,
aquaporins (AQP), across the IMM through which the water flux hafitaasik et al., 2007)

These channels are permeable to water but impermeable to anions or protdmerefodet do

not compromise thed]; (Kaasik et al., 2007)Interestingly, AQP facilitate the diffusion of
H,O, and play a role in redox signalin@Bienert and Chaumont, 2014)mportantly,
mitochondrial wlume regulation has been found to modulate cellular function. For example,
increased ETS activity and ATP productiameassociated with increased matrix volu(i@asik

et al., 2007 Vander Heiden et al., 1997Moreover, an increase in mitochondrial volume was
reported to play a regulatory role in mitochondrial trafficking in neuf&asisik et al., 2007)it

is worth noting that an increaseairix volume does not necessitate an increase in mitochondrial
volume or disruption of the integrity of the organelles. This is because water influx into the
matrix reduces the size of cristae, increases matrix volume and collapses the IMS without

disrupting the integrity of mitochondrial membranes. However, massive water influx results in
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excessive volume increase, disruption of mitochondrial structural integrity and membrane
rupture that initiates the cell death cascé@dartinou et al., 2000)Furthermore, matrix volume
changes have been associated with different patterns of ROS emission, suggesting a role of
mitochondrial volume in ROS regulatiqiKaasik et al., 2007)Lastly, mitochondrial volume

varies with energetic state from shrunk condensed in low energy(lstat&TP:ADP ratio such

as during state 3p orthodox with weldefined cristae in the high energy stéigh ATP:ADP

ratio such as during state @ackenbrock 1968; Packer 1960)

As introduced earlier, the deleterious effects of Zn and their modulation by Ca can be attributed
to impaired mitochondrial function. Therefore, the entrknowledge of effects of Zn and Ca on

mitochondrial function will be discussed.

1.5 MITOCHONDRIA AS TARGET SOF Zn TOXICITY

Most cells maintain mitochondrial Zn at lower concentration than that of cytosol. However, in
some c el | s-richislethmiteclsondba contin B2% of the cellular (X et al., 2001)
suggesting the presence oéchanisms to maintain this concentration gradi¥etet al., 2001)
Excess levels of Zn were shown to inhibit OXPHOS and EMS8nter and Ford, 1955;
Skulachev et al., 1967)These early reports stimulated more studiegheneffects of Zn on
mitochondrial bioenergeticBrown et al., 2000; Craddock et al., 2012; Dineley et al., 2005;
Gazaryan et al., 2007; Jiang et al., 20@ecifically, Zn inhibitsthe activity of CI leading to
impairment of proton pumping to the IMSharpley ad Hirst, 2006) While Zn has been shown

to induce mitochondrial swellin@liang et al., 2001; Kambe and Fukada, 20&ther studies did
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not report any swelling associated with @evinney et al., 2009; Dineley et al., 2003; Sharaf et

al., 2015) Furthermore, enhanced ROS production and oxidative stress following Zn exposure
have been reportgdineley et al., 2003; Kambe and Fukada, 2014; Sharaf et al., 2015; Sharaf et
al.,, 2017a) The mechanism of the Anduced oxidative stress hdmeen explained by its
impairment of the ETSDineley et al., 2003; Kambe and Fukada, 2014)cells, it has been

shown that other sites of ROS release such as cytosolic NADPH oxidase aatstinby Zn

(Noh and Koh, 2000)importantly, the effects of Zn on ROS are not limited to enhancing its
release from different sites but also include the suppression of the antioxidant enzymes such as

GR and thioredoxi reductaséGazaryan et al., 2007; Trevisan et al., 2014b)

1.6 MITOCHONDRIA AS TARG ETSOF CaTOXICITY

Ca overload is reportedly assai@d with multiple bioenergetimpairments thatan lead to cell

death (Brookes et al., 2004; Clapham 200T) is well established h a t Ca stimul at
production by activating nitric oxide synthas
with excess Ca can inhibit Cl as well resulting in an increase in ROS release. Moreover, Ca
induced mPTP opening is associated with ex@sskads and results in cytochrome c release to

the cytosol and activation of the apoptosis cas¢ldetinou et al., 2000)Although cytochrome

c loss during mPTP imposes mitochondrial oxidative stresstdaé&S impairment), it has been
hypothesized that its release can scavenge excess cytosolic ROS that lead to mPTP opening

(Brookes et al., 2004)mportantly, the dissipation @ that is associated with mPTdpening
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can have a protective effect through reducing further Ca uptake througthelependent

MCU.
1.6.1 Mitochondrial permeability transition pore (mPTP)

The mitochondrial permeability transition (mPT) is defined as an increase in the IMM
permeabilly due to the opening of the mPTP. This increase in permeability depends on the
number of pores that are open and the duration of their opéBargardi et al., 2015; Ichas et

al., 1997) While inducersike thiol oxidants result in mPTépening, other factors such as acidic
matrix pH, Md" and adenine nucleotides inhibit its open{Bgrnardi et al., 2015 he structure

of the mPTP has been controvatsvith many candidates proteins proposed to contribute to its
formation. For example, ANT, which is an abundant IMM proteas, Ibeen found to be bound to
cyclophyllin D (CyPD), a component of the mP{Bernardi etal., 2015) Another candidate
proteinis thevoltagedependent anion channels VDAC that has been reported to represent the
OMM part of the mPTRBernardi et al., 2015More recently, the ATP synthase, specificall

the R subunit, has been shown to be involved in the mPTP formétitavian et al., 2014;

Bernardi et al., 2015)

The duration of the opening of mPTP varies between physiological and pathblstates.
mPTP can open momentarily (low conductance) or permanently (high condugtahas)et al.,
1997) The low conductance mode mPTP opening has been shown to have a protective effect
against exces Caby releasing Ca fronmthe mitochondria(ichas et al., 1997)Moreover,

asynchronous cycles of reversible depolarizatepolarization were associated with increased
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permeability and mPTP openiri§ernardi et al., 2015)in contrast, permanent opening of the
mPTP results ineg],; collapse and cytochrome c release that is considered a hallmark of
induction of apoptosigMartinou et al., 2000)There has been controversy whether ROS that is
associated with excess Ca is the caussoosequence of mPT{Bernardi et al., 2015; Sharaf et

al., 2017b; Zorov et al., 2014lRegardless, permanent mPTP opening results in several events
such as lossfdGSH, cytochrome ¢ and other solutes that eventually boost ROS release ending

with cell death(Bernardi et al., 2015)

1.7 INTERACTION OF Zn AND Ca AT THE MITOCHONDRIAL LEVEL

The interactions between Zn and Ca aot¢ only confined to the organismal le@lsop and

Wood, 1999; Barron and Albeke, 200@ut mitochondria have been shown to be key sites of
interaction of the two cation®ineley et al., 2008; Jiang et al., 2001; McCord and Aizenman,
2013) The overarching basis for this interaction is that similar to Ca, Zn has been suggested to
use the MCU to enter mitochdrial matrix (Jiang et al., 2001)Despite the fact that crosstalk
between Zn and Ca has been reported in several cytopathological conditions in mammals
(McCord and Aizenman, 2013; Sensi et al., 2008ir interaction on fish mitochondria remains

largely unstudied.

1.8HYPOTHESIS AND OBJECTIVES

| have introduced the stressor of interest, Zn, for my thesis and how its interaction with Ca

impairs fishhealth as well as cellular energy homeostasis. Importantly, degports that Zn

32



and Ca affectellular energy homeostasis in mammals, the knowledge about their effects on fish

bioenergetics is scarce. Therefore, the overall objective of my thesis irs/dstigate the

individual and interactive effects of Zn and Ca on fish mitochondrial bioenergetics and elucidate

the mechanisms underlying these effects. | hypothesized that Zn and Ca act competitively to

impair mitochondrial bioenergetics. | tested typothesis with the following objectives:

1)

2)

3)

4)

Investigate the individual and interactive effects of Zn and Ca on fish mitochondrial
bioenergetics. This included probing how responses on different mitochondrial endpoints
might vary according to concentration$ the two cations in individual or combined
exposures.

Test whether Zn and Ca uptake through the MCU is aqueisite for their effects on
mitochondria.

Unveil the mechanisms through which Ca and Zn induce mitochondrial permeability
transition pore openg. Here | investigated the changes in mitochondrial morphology,
membrane permeability and functional integrity imposed by Zn and/or Ca exposure.
Elucidate the mechanisms underlying the changes in the relationship between ROS,
respiration andag].; in fish mitochondria. This entailed the development of novel

universally applicable methods for mytarametric assessment of mitochondrial function.
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CHAPTER 2

ZINC AND CALCIUM MOD ULATE MITOCHONDRIAL REDOX STATE AND

MORPHOFUNCTIONAL INT EGRITY

A version of tlis Chapter has been published as:

Sharaf, M.S., van den Heuvel, M.R., Stevens, D., Kamunde, C., 2015. Zinc and calcium

modulate mitochondrial redox state and morphofunctional integrity. Free Radical Biology and

Medicine. 84, 142153.
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2.1 ABSTRACT

Zn and Ca have highly interwoven functions that are essential for cellular homeostasisl Here
first present a novel reéime flow cytometric technique to measure mitochondrial redox state
and show it is modulated b¥n and Ca individually and combinedl then assessed the
interactions ofZn and Ca on mitochondrial HO, production, &J.:;, morphological status,
OXPHOQOS Cl activity and structural integrity. Whil&n at low concentrationsnd both cations at
high concentrationsandividually and combined promoted,®, production, the two cations
individually did not alter mitochondrial dex state. However, when combined at low and high
concentrationshe two cations synergistically suppressed and promoted mitochondrial shift to a
more oxidized state, respectively. Surprisingly, the-axitlants vitamin E and {dcetylcysteine
showedpro-oxidant activity at lowconcentrationsvhereas at high antioxidaebncentrations
NAC inhibited OXPHOS and dyscoupled mitochondria. Individualy,was more potent than
Cain inhibiting OXPHOS whileCamore potently dissipated tl3e] and altered mitochondrial
volume and ultrastructure. The two cations synergistically inhibited OXPHOS but
antagonistically dissipates: and altered mitochondrial volume and morphology. Overa},
study highlights the importance @h and Cain mitochondrial redox regulation and functional
integrity. Importantly,| uncoveredpreviously unrecognizehidirectional interactions aZn and
Cathatreveal distinctive foci for modulating mitochondrial function in normal and disease states

because they apotentiallyprotective or damaging depending conditions.
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2.2 INTRODUCTION

Mitochondria are core cellular organelles with a broad spectrum of functions. The bulk of
cellular ATP production, arguably the fundamental mitochondrial function, occu@XRHOS
wherein electron transport by enzyme complexes located otMifeis coupled with proton
pumping from the matrix to the intenembranous space (IMS) creating a proton motiveefo
(pmf), with a&J as its dominant component, that drives ATP synti{4itchell 1961) Because

a interconnects the mitochondrial energy forms and subsystems, alterations in this force
markedly influence mitochondrial function. Importantly, leakage of electrons during OXPHOS
causes, dending on the animal species and rate of respiration, the conversion -af10625f

the oxygen utilized tsuperoxide anion radical and ultimately®d (Zorov et al., 2014)These
molecules and several others|lectively known asROS historically have been viewed as
harmful (Zorov et al., 2014put their role in normal physiology including redox regulation and
signaling, nutrient sensing and cell differentiati@orov et al., 2014)s also indispensable.
While a plethora of factors can modulate mitochondrial bioenergetics and redox state, recent
research suggests that the global mitochondrial function is inextricably linkbedwand Ca

homeostasigMcCord and Aizenman, 2013)

Zn, an essential trace metal, is present in all cells and has a multitude of cellular fuihécets
2013) Itsintracellular concentration is 0.1 to 5 mM, the majority of which is bound, leaving only
a minor tightly regulated pool (T010*° M) as freeZn ions (Guan et al., 2003)A substantial

portion of intracellular totakZn, up to 32% in pancreatic i sl
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mitochondria(Andersson et al., 198@nd exposure of biological systems to elevatedevels
increases the sequestration of this metal in theamitodria(Sappal and Kamunde, 2009; Sensi
et al., 2000; Yamaguchi et al., 198When in excess of biological requiremetin in
mitochondria disrupts major enzyme sysgetherein culminating in inhibition of OXPHOS and

tricarboxylicacidcycle (TCA) and oxidative stre¢&azaryan et al., 2007)

Cais a key second messendg&lapham 207) which, similar toZn, is extensively bound by
intracellular ligands with its free cytosolic concentrations being tightly regulated at low nM
concentrations(Clapham 2007) The dysregulation (elevation) of tracellular Ca causes
excessive uptake of the cation by the mitochondria impairing their fun(@imokes et al.,
2004) Normally, mild Ca influx from cytosol into the mitochondrial matrix causes transient
depolaization that is corrected by pumping out protons. In contrast, exce€avaflux
increases ROS generatio(Brookes et al., 2004)and induces marked mitochondrial
depolarization that is associated with openifighe permeability transition pore (PTP), a non
specific megachannel permeable to molecules less than 1.5(BBamgartner et al., 2009) his
channel not only dissi pat esixasapIlMAapradeind batcaisd i t at ¢
allows solutes and water to enter into the mitochondrial matrix resulting in sw@largnou et

al., 2000) Although Zn has been intrinsically linked witlCa in many cytopdtological
conditions(Devinney et al., 2009; McCord and Aizenman, 2013; Medvedeva et al., 2009; Sensi
et al., 2009)t is not urambiguously known hown-Cacrosstalk modulates mitochondrial redox

stateand functional integrity.
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Considering the multiplicity of essential and potentially deleterious actio@s ahd Ca and

their inextricable link with the mitochondribargue thathe mechanisms of their interaction are
uniquely dictated by their concentrations and mitochondrial target sites. Because it has been
suggested thatn gains entry into these organelles in part through the mitocho@iahiporter

(MCU) (Jiang et al., 2001; Sensi et al., 200D)hypothesized that these cations interact
competitively at the mitochondrial level. Heleassessed the effects Oh and Cain isolated
mitochondria and report prewisly unrecognized bimodal interactions between the two cations
that provide distinctive prospects for modulating mitochondrial function in normal and disease

states.

2.3 METHODS

2.3.1 Chemicals and reagents

The potentiakensitive lipophilc cationic dye,JG1, was obtained from Biotium, Inc.,
California, USA; 2',#dichlorodihydrofluorescein diacetate BICFDA), AR and HRP were

from Molecular Probes, Inc., Oregon, USZn and Ca (as ZnSQ.7H,O and CaGl2H,0,
respectively), Nacetylcysteingd N A C) -tocdptédolvitamin E) and cyclosporin A (CsA)
were from Sigma&Aldrich, Oakville, ON. Chemicals used for TEM were glutaraldehyde, osmium
tetroxide and Epon resins from SPI West Chester, PA, USA. Chemicals used for preparation of
mitochondrial isolation and respiration buffers were sucrose,,®KBj, KCl, EGTA, BSA,
aprotinin, L-malic acid, l-glutamic acid, ADP from SigmaAldrich, Oakville, ON. TrisHCI was

from EMD Chemicals Inc, Gibbstown, NJ, USA.
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2.3.2 MITOCHONDRIA L ISOLATION

The experimentaprocedures used were approved by the University of Prince Edward Animal
Care Committee in accordance with the Canadian Council on Animal Eameale rainbow
trout (Oncorhynchus mykissl50 + 20 g)were obtained from Ocean Trout Farms Inc.,
Brookvale, PEand kept at the Aquatic Facility of Atlantic Veterinary College in a-4@ank
supplied with flow through welvater at 11 + C. Fish were fed 1% of their body weight with
commercial trout chow pellets (Corey Feed Mills, Fredericton, NBgmployed s$dated
mitochondria that constitute a widely used model for studying cellular bioener@étas et al.,
2014) Livers of rminbow trout Oncorhynchus mykissl90 + 20 g) were the source of the
mitochondria used in thexperimentsl used our standard meth{&diele et al., 2010)o isolate

the mitochondria following which they were-sespended in respiration buffer (RB: 10 mM
Tris-HCI, 25 mM KH,PO,, 100 mM KCI, 1 mg/ml fattyacid free BSA, 2 pg/ml aprotinin, pH
7.3). The protein concentrations of the mitochondrial suspensions were measured by the method
of Bradford (Bradford 1976)with BSA as the standard. Given the high levelsinmirganic
phosphate and BSA in the RB and their demonstrated high affinity to complex (Mdalsoka

and Saltman, 1994; Rumschik et al., 20@)andCatotal concentrations ranging front® 100

MM individually and combined (e.g., 100 pM = 100 pM Zn + 100 pM Ca) and similar to those
used by othergDevinney et al., 2009)were selected to compensate for reduced free ion
activities. Notably, astudy (Rumschik et al., 200%hat carried ouZn speciation in buffer that

had much lower levels of inorganic phosphate than those useyg study and did not contain

BSA found that the free Zn concentratiofidwing addition of 100 uM totaZn was <10 pM. In
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my study, the lowest concentrations of both cations used stimulated mitochondrial respiration
and improved coupling (see results) suggesting that they were within the physiological range.
Importantly, intacellular freezn (Zn**) and C&* concentrations of up to foand 10* M,
respectively, have been observed in intracellular signaling microdor(faiederickson 2003;

Llinas et al., 992)
2.3.3 Flow cytometry

| adopted and developed novel raale flow cytometry methods to measure redox Sty

and morphological status using a fawlour FACSCalibur flow cytometer equipped with 488
nm and 635 nm lasers (Becton Dickinson, San Jose, CA). All of the flow cytometric
measurements were done at room temperatur&QR1o the best afny knowledgemy study is

the first to describe redime flow cytometric measurement of mitochondrial redox state.
2.3.4Real time mitochondrial redox state measurement

The redox sensitive fluorescence probe, -#ighlorodihydrofluorescein diacetate ABICFDA)
(Ng et al ., 2 0 1 Awas uGeal toimpnitar changes ia Mmitoghonarial tedox state
over time. Mitochondrial protein (38 pug) was added to 2 ml RB contaminmdV malate and 5
mM glutamate in 4ml flow cytometer tubes. The forward scatter (FSC) was adjustedOtb E
setting with a logarithmic amplification gain of 1.98 and the side scatter (@8@multiplier
tube (PMT) was set at 620V and logarithmic amplification gain adjustéal 1.00. The FL1

channel (530 nm) was adjusted to 950 mV with camspon as FLA18.5%FL2. Initially,
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sample flow rate was set to medium (35 €l / mi:i
monitored for 100 s and them,BICFDA dissolved in DMSO was added at a concentration of

183 uM and changes in fluorescence wemnitored. Data were collected for 700 s after which

RB (control) and differentoncentrationg5 and 100 puM) ofZn and Ca individually and in
combination were added. Fluorescence data were collected for an additional 1,200 difaereal
measurement of dox status. The potential protective effects of the antioxidants, NAC and
vitamin E (Lee et al., 2014)were probed by adding them at differeohcentrationsvith the

H,DCFDA in control mitochondria.

For calculatn of the percent change in fluorescence, the kinetic data were used to obtain real
time geometric mean of FL (green fluorescence). The réimhe data were extracted and four
time points were selected for the calculation of the change in redox statesttme point was

750 s to record the change in-Flfluorescence following addition of . HCFDA but before
addition ofZn and/orCa The other points were (s) 920 (equivalent to 120 s contact time), 1100

(300 s contact time), 1300 (500 s contact tiameJ 1800 (1000 s contact time).

2.3.5Reattime flow cytometric ae G measurement

Realttime &,y measurements were done usingl]@ dye known to be a sensitive indicator of

& (GuoFeng Luo et al.,, 2014)Mitochordrial protein (19 pg) was added to 2 iRB

containing 5 mM malate and 5 mM glutamate iméflow cytometer tubes. Sample flow rate

was set to low (12 ¢l / min) and basal mi t och

Thereafter, J& dissolved in DMSO w@as added at a concentration of 26 nM aed,; was
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measured by recording green fluorescence et J@bnomers (excitation 488 nm; emission 530
nm) in FL-1 channel adjusted to logarithmic amplifier mode782 mV.JCG1 monomers
accumulate inside the mitocharal according to the Nernst equation forming polymers of
orange fluorescence that were excited at 488 nm and emission collected inr2heh&hnel at
585 nm adjusted to logarithmic amplifier mode at #30 (Lecoeuret al., 2004) Both channels
had the FSC adjusted to® setting with a logarithmic amplification gain of 1.98 whereas the
SSC PMT was adjusted to 428V with the logarithmic amplification gain set at 1.00.
Compensation was adjusted to F18.5%FL2 and E2-25.4%FL1 to avoid spectral overlap
(Lecoeur et al., 2004Fluorescence data were collected for 500 s after which RB (control) and
differentconcentrationg5, 10, 20, 50 and 100 puM) @n andCaindividually orin combination
were added. Note thain and Ca were added after 3JC accumulation in the mitochondria
attained steady stattn addition,carbonylcyanide-trifluoromethoxyphenylhydrazone (FCCP),
a mitochondrial protonophore, atcancentrationof 0.5 uM (shown by irhouse titration to
evoke the highest rate of uncoupled mitochondrial respiratias)used as a positive control to
collapse thesg]. Fluorescence data, indicative of changes&dil,; as a result o€Caand/orZn

exposure and FCCP addition, wénen collected for an additional 800 s.

The raw fluorescence data were analyzed and quantified using Flowjo 7.6.5 (TreeStar Inc.,
Oregon, USA). To calculate % dissipationad, the kinetic platform was used to obtain the
reattime geometric means of F2 (orange fluorescence). The réiahe data were extracted and

two time points were selected for the calculation of the chang€lin The first time point was

700 s when the R fluorescence was stable after addition oflJQut before addition of cains
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(Zn and/orCg. The second was 1,400 s when the fluorescence was stable after addition of

cations and was equivalent to 10 min contact time of the cations with mitochondria.

2.3.6Real time measurement of mitochondrial morphological status

To measure wrphological changes, mitochondrial protein (19 pg) was added to 2 ml RB
containingd mM malate and 5 mM glutamate im# flow cytometer tubes. FSC was adjusted to

E-01 setting with a logarithmic amplification gain of 1.98 and SSC PMT set at 621 mV and
linear amplification gain adjusted to 1.00. The FL1 channel was adjusted to 782 mV with
compensation as FE1 8 . 5 %F L 2. The sample flow rate was
mitochondrial FSC and SSC were recorded for 400 s. Subsequently, RB (contrdijfensht
concentrationg5, 10, 20, 50 and 100 uM) @n and Ca individually and in combination were

added. Fluorescence data were collected for an additional 1,000 s to assess changes in
mitochondrial size and granularity. To tesCi&induced PTP openg, CsA (1 pM) was added

prior to the addition 0€a100 uM and compared witGa100 uM alone. The effect of CsA was

not tested witlZn because this cation caused shrinkage rather than swelling.

To calculate the percent change in SSC, the kinetic platfeeisnused to obtain the reahe
geometric means of SSC data. Two time points were selected for calculation of the change in
SSC. The first time point was 360 s before addition of the cations while the second one was
1,300 s when the SSC had stabilizedjiegjent to 15 min contact time of mitochondria and

cations.

43



2.3.7Mitochondrial H ,0O, production

The AR assay(Rhee et al., 201Qhat allows measurement of low concentrations gdHn a
reaction catalyzed bMRP was used. In this microplate assay, mitochondria (1 mg/ml), HRP (1
unit/ml) andAR (20 uM) were added to each well to a final assay volume of 200 ul of RB
containing 5 mM each of glutamate and malate. The plate was incubdtedderk for 30 min

at 20 °C after which the fluorescence was read using a microptatgatible fluorometer
(Synergy HT, BioTek Instruments, Winooski, VT) every 15 min for 30 min (af@0and
shaking every minut®llowing excitation at 530 nm and emission at 590 nm. The efféds o
andCaindividually and in combination on 4@, production were assessed WAMA (10 pM),

an inhibitor ofClII, added to enhance,8, production. hereafter, the pD, scavenging effect

of vitamin E, an antoxidant (Forman et al.,, 2014)was probed by adding it at different
concentrationgn RB containing 1 uM HO, or to AMA treated mitochondria. During each run, a
standard curve (6 uM H,O,) was generated and used to convert fluorescence measurements to

actwal H,O, concentrations
2.3.8Mitochondrial respirometry and CI activity

Mitochondrial respiration was measured at°C3using Clarktype electrodes (Qubit systems,
Kingston, ON) according to our standard metiadiele et al., 2010)The effects oZn andCa
individually or in combination on mitochondrial respiration were studied withdptermined
equimolar concentrations (0, 5, 10, 20, 50 and 100 uM) as Zh3g8 and CaGhA 2.8,

respectively. The effect dIAC on mitochondrial respiration was studied using 2 and 60 mM
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concentrations of NAC (pH adjusted to 7.3 with NaOH). In these experinangs)d/orCa or

NAC were added to the cuvettes during state 3 respiration and their effects were measured after 5
ard 10 min of contact with mitochondria for state 3 and 4 respiration rates, respectively.
Following respirometry, mitochondria exposed to 5, 50 and 100Qa\vnd Zn, alone and in
combination, and the controls, were pelleted and CI activity was measuradiagco our

standard methofOnukwufor et al., 2014)

2.3.9 Transmission electron microscopy (TEM)

Following the respirometry, mitochondria exposed to 50 (@M and Zn, alone and in
combination, and the controle/ere pelleted and fixed witB glutaraldehyde in RB overnight

at 4°C. The pellets were then washed with 0.1 M phosphate buffer andixgusin 1% OsQ

for 2 h at 4°C. The pellets were dehydrated using a graded seriet0®) of ethanol,
infiltrated using Epon and propylene oxide (1:1) and embedded in propylene oxide. Thin (80 nm)
sections were obtained using an ultramicrotome (Reicherg Ultracut E, Leica Microsystems,
Richmond Hill, Canada) and stained with uranyl acetate and Sato lead. Tibesseere viewed

and photographed under a Hitachi TEM (Hitachi BioTEM 7508ssetiSangyo, Rexdale,
Ontario). To measure mitochondrial size, five random fields were blindly examined per
experimental group at 20,000x magnification and dimensions 0f-2015
mitochondria/field/experimental group were taken using AMT Image Capture Engine software

(version 600.149) and used to calculate the mean mitochondrial diameter.
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2.3.10 Statistics

Prior to statistical analysis, all the data were tested for normality (Ka@mwegmirnov) and
homogeneity of variances (Cochran C) and were log transformed when necessary. General
Linear Model (Minitab 16 Statistical Software, 2010; State College, PA: Minitab, Inc.) was
performed with exposure grour(, Ca and Zn plus Ca and corcentrationas independent

vari abl es. Pairwise comparisons were-talahe usi

p<0.05.

2.4RESULTS

2.4.1NAC, vitamin E, Zn and Ca have anti and pro-oxidant effects depending on the

concentration and endpoint

A novel assay for flow cytometric measurement of mitochondrial redox status itinnealvas
developed. This assay measured the oxidatior,PFDA to DCF, indicative of a shift to more
oxidized state, as emission of green fluorescence that was monitorddlinclrannel. To
validate the assay,first demonstrated that isolated mitochondria alone shift to a more oxidized
redox state over time manifested by riale increase in green fluorescence (RigA) and that

the antioxidant, NAC, mitigated this shiffig. 2.1B-G). Interestingly] observed that NAC had
both antti and preoxidant activity depending on theoncentration low (2 and 5 mM)
concentrationgonsistently promoted mitochondrial shift to a more oxidized redox state over

time (Fig.2.1B, C andG) whereas an intermediatencentration20 mM) initially had no anti
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oxidant activity but later promoted oxidation (FJ1D and G). Much higheconcentration®f

NAC imposed consistent reduction of oxidation with 40 mM causing persistent, albeit, partia
reduction in oxidation while 60 mM completely abolished oxidation (EitE, F and G). The
lowest (5 mM) and highest (60 mMpncentration®f NAC werethentested on mitochondrial
respiration. While the loweoncentratior(data not shown) had no effethe highconcentration
inhibited maximal respiration by 28% and stimulated basal respiration thereby dyscoupling the
mitochondria (70% reduction in RCR) (Fig1H and 1). Vitamin E was used as an additional
validation for the assay.found that consisint with the NAC results, lowoncentrationgl and

10 uM) of vitamin E caused the mitochondria to shift to a more oxidized state2(F¥y.while
intermediate concentrations(50 and 100 puM) did not alter the redox status and higher

concentration$250 am 500 uM) caused the mitochondria to shift to a less oxidized state.

Following validation of the redime assay of mitochondrial redox status, the effec@nodnd

Ca individually and in combination were tested using the low (5 pM) and high (100 puM)
conentrations Individually, 5 and 100 pMZn and Ca had no effect on redox state over time
(Fig. 2.2A-C, E and F). In contrast, 5 uin in combination withCa consistently resulted in a
small but significant decrease in state of oxidation (E@E) while canbined 100 pMZn and

Castrongly and timedependently promoted the shift to a more oxidized state ZE2D.and F).

For the AR assay,| first demonstrated its linearity, sensitivity and specificity usingdH
standard curveFig. 2.4A) and theconcentrabn-dependent vitamin E scavenging effeetg(

24B). The effects oZn andCaindividually and in combination were then tested using the low
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(5 uM) and high (100 pMygoncentrationgFig. 2.3A). The resultsKig. 2.3A) showed that both
low and high concentations of Zn individually and in combination withCa promoted
mitochondrial HO, production while lowCa individually had no effect. As expecteAMA
enhanced mitochondrial &, production and vitamin E in the range 6230 pM significantly
reduced the bD, production with 50 uMbeing themost effectiveconcentration(Fig. 2.3B).
Note that the rates of J@, production reported herdrigg. 2.3A and B) are underestimates
because they do not account for the scavenging effect of the mitochondrial antioygdant s

(Aon et al., 2012)

Because théAR assay is an enzymatic reaction in which oxidatiorABf to the fluorescent
product resorufin is catalyzed by HRPtested for potential effects @n and Caindividually

and in combination andAMA on this enzyme by measuring their effects on fluorescence
resulting from basal oxidation &R in RB without added mitochondria or,®, (Fig. 2.4C). |
found that 5 pMZn individually and in combination witatended to promotthe oxidation of

AR whereas 100 pMn, and particularh AMA , inhibitedAR oxidation.

2.4.2 Interacti ongreantago@istic and Zn on a&(Q

Resting mitochondria energized with malate and glutamate exhibiteddjigtshown by the
marked (>100 fold) surgin orange fluorescence, indicating formation-agjjregates in the
mitochondrial matrix (Fig2.5A, B and C). As expected, the addition of RB (control) had no
effect (Fig.2.5A) while Zn and Ca (100 uM) individually resulted in a significant dissipatibn

t h e n\&@ Ca having a greater effect than (Fig. 2.5D and E). Combineth and Ca (100

48



OM) al so caused an abeigtoa ldsserceaantthardthabcpusead hy Caedlone

(Fig. 2.5F). The concentratieesponse relationship of t@&- and Cai n d u c g dissi@atipn

(Fig. 2.6) was characterized by maximal drop 028 % at ¢ o n 20qukl excepttfior ons O
the Ca alone exposure which resulted in a 45% drop relative to the controls for the 100 pM
concentration. Interestingly, the higgt Ca concentration (1@) used was as efficacious as

the uncoupler FCCP in dissipating @88 (Fig. 2.5G). Moreover, thecombination of high
concentratonsaZn( 100 OM) plus Ca (100 OMiompamdvdte d a s n

the respectiv€a (100 pM) alone exposure (Fig. 2.6).

2.4.3 Zn antagonizes Canduced mitochondrial changes in volume and granularity

Assessment of mitochondrial size and granularity by measuring light scatter (FSC: size; SSC.:
granularity) showed that Ca alone increased=®€ indicative of swelling (Fig.7A) while Zn

alone decreased it indicating shrinkage (Bi§7). Consistent with these opposing effects,
combined exposure to Zn and Ca evoked less swelling than Ca alorn2{Ejg.The measured
changes in SSC indi@athat Ca caused mitochondrial matrix dilution (decreased SSQ.FAg).
while Zn induced matrix condensation (increased SSC2HD) as clearly demonstrated by the
significant (r =-0.74) negative correlation (Fig.9). Moreover, Canduced matrix dution

increased concentratiatependently whereas mitochondrial condensation/shrinkage induced by
Zn alone peaked at 20 uM (Fig.8A). When added in combination, Zn and Ca induced
mitochondrial matrix condensation but to a lesser extent than that daugedalone (Fig2.7F

and 2.8A). Thus, the combined exposure showed an antagonistic interaction wherein Zn
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protected against Gaduced mitochondrial matrix dilution (Fig.8A) as clearly demonstrated

by the reversal of Canduced effect by Z(Fig. 2.8B).

The involvement of PTP opening in Galuced swelling was confirmed by the finding that CsA
prevented the drop in SSC caused by Ca E&f). As shown by TEM, mitochondria in the
control group had orthodox configuration with clearly defined cristaiesaspace of-23 nm

between IMM and OMM (Fig2.10A). Ca exposure induced significant swelling in which the
mitochondrial diameter increased from 752+17 nm in the controls to 941+21 nrid.{Aig.

This swelling was accompanied by matrix dilution, disiapof configuration of cristae,
vacuolation and increased separation between IMM and OMMZHRiI@B and C). On the other
hand, Zn exposure caused mitochondrial shrinkage with the diameter decreasing to 644+13 nm
(Fig. 2.11). The shrinkage was accompahi®y matrix ultracondensation and loss of cristae
structure (Fig2.10D and E). The combined exposure revealed antagonism between Ca and Zn
on swelling wherein the mitochondrial diameter (672+15 nm) fell between that measured with
the Ca and Zn alone exposs (Fig2.11). Here, the shrinkage was accompanied by

condensation of mitochondrial matrix and widening of cristae FifF).

2.4.4 Zn and Ca synergistically impair OXPHOS

Individually, Zn and Ca inhibited state 3 respiration by 289%0 and 1260%, respectively, for
10-100 pM concentrations (Fig.12A). In contrast, low concentrations (5 pM) of Zn and Ca

individually stimulated state 3 respiration by 7% and 14%, respectively.
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Figure 2.1. Real time measurement of redox status and OXPHOS. The eff&A® and
vitamin E on mitochondrial oxidation state measured witDEFDA (A-G and J) and
mitochondrial respiration (H and I) are shov@ontrol (A), NAC 2 mM (B), NAC 5 mM (C),
NAC 20 mM (D), NAC 40 mM (E) and NAC 60 mM (F). G, Geometric means of fluermsse
over time at different NAC concentrations. Low and intermediates NA&Gcentrations
increased fluorescence above basal levels. High NodGcentrationsblocked oxidation,
inhibited state 3 and stimulated states 4 andH); numbers indicate averagespiration rates
(nmol G/mg protein/min) for 5 independent mitochondrial preparatibn&ffects of 60 mM
NAC on OXPHOS indices (state 3 respiration, state 4 respiration and. R@kR) are means *
SEM (n = 5). Asterisks (*) and hashtag (#) indicate thaan values are significantly lower and
higher that controls, respectively, Geometric means of fluorescence over time at different

vitamin E concentrations {D000 puM).
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Figure2.1
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